Abstract We analyzed highly vancomycin-resistant Gram-positive bacteria isolated from the saliva of migratory songbirds captured, sampled, and released from a birdbanding station in western Kansas. Individual bacterial isolates were identified by partial 16S rRNA sequencing. Most of the bacteria in this study were shown to be Staphylococcus succinus with the majority being isolated from the American Robin. Some of these bacteria were shown to carry vanA, vanB, and vanC vancomycin-resistance genes and have the ability to form biofilms. One of the van gene-carrying isolates is also coagulase positive, which is normally considered a virulence factor. Other organisms isolated included Staphylococcus saprophyticus as well as Enterococcus gallinarum. Given the wide range of the American Robin and ease of horizontal gene transfer between Gram-positive cocci, we postulate that these organisms could serve as a reservoir of vancomycin-resistance genes capable of transferring to human pathogens.
Introduction
Six resistance patterns for vancomycin resistance have been reported in the genus Enterococcus designated VanA through VanE and VanG [17] . Vancomycin resistance can arise in bacteria through the presence of two different types of operons. The majority of resistance is conferred by operons which encode enzymes which alter the cellular vancomycin target, thereby reducing the affinity of vancomycin for the target. A second known type of operon encodes enzymes that rid cells of precursors of high-affinity vancomycin targets [10] . The first type of vancomycin resistance described was the VanA type, which confers high levels of resistance to both vancomycin and teicoplanin. The VanA type is conferred by genes contained within the transposon Tn1546. The VanB-type mediates variable resistance to both vancomycin and teicoplanin, and has been shown to be associated with either transposon Tn1547 or Tn1549. Since both VanA and VanB resistance types are associated with mobile genetic elements, they can be found in either the bacterial chromosome or within plasmids, and may be passed to other bacteria via conjugation. Where VanA resistance is inducible by both vancomycin and teicoplanin, the VanB type is only inducible by vancomycin [10] .
The VanC type has been shown to express intrinsic resistance capability encoded by genes located only within the bacterial chromosome. Unlike VanA and VanB, the resistance conferred by VanC is only to low levels of vancomycin and does not confer resistance to teicoplanin. VanC was first reported in clinical isolates of Enterococcus gallinarum, and was later shown to also exist in Enterococcus casseliflavus and Enterococcus flavescens [10] . The VanD resistance type confers moderate levels of intrinsic resistance to vancomycin and teicoplanin. Like the VanC operon, VanD has only been reported in bacterial chromosomes, and not associated with mobile elements such as transposons or plasmids [10] . The vancomycin-resistance operons contain genes of common function, but the actual genes in each operon differ. For instance, the VanB operon contains the vanW gene, of unknown function, which the VanA operon does not carry [11] .
Birds have been shown to carry infectious diseases such as West Nile virus, avian influenza, and pathogenic bacteria, such as Salmonella. Studies indicate songbirds can carry various genera of bacteria such as Escherichia, Pseudomonas, Staphylococcus, Streptococcus, and Yersinia, all of which can be pathogenic in birds [7] . One of the songbird species captured in our study, Swainson's Thrush, has been shown to carry West Nile virus, Borrelia burgdorferi, and the blood parasites Haemoproteus and Plasmodium [3] . Prukner-Radovcic et al. [23] isolated Escherichia coli, Staphylococcus, and Streptococcus from birds in both urban and rural locations of Croatia; these bacteria were isolated from pharyngeal swabs of migratory species. However, little is known about the normal flora of birds, and most studies of bacteria in birds have focused on fecal samples of passerines [7, 21] .
The songbirds that migrate through western Kansas use many different habitats as stopover points, and have a diverse range of dietary requirements that include grains, fruits, and insects [25] . Migrants will forage throughout trees, in agricultural fields, grasslands, along streams, and on the ground. Since birds make contact with much of the environment, this opens the opportunity to spread bacteria they are carrying into their surroundings. Conversely, the opportunity also exists for bacteria in the environment to be transferred to the birds. If resistance genes are already in the environment, the birds then could potentially ingest bacteria carrying resistance genes into their mouths, or expel bacteria carrying resistance genes.
The purpose of this study was to determine whether migratory songbirds harbored Gram-positive, vancomycinresistant cocci, and whether such bacteria harbored known vancomycin-resistance genes, as well as possess the ability to produce biofilms.
Materials and Methods

Study Site
The Fort Hays State University Wildlife Sanctuary (38°87 0 3 0 'N, 99°34 0 8 0 'W), located along Big Creek in Ellis County, Kansas, served as the study site. This 10-ha site is composed of riparian habitat with a mixture of mature hardwoods, forbs, and shrubs. An alfalfa field lies on the north and west side and Big Creek runs on the east of the study site. The banding site contains 12 individual mist nets, each 12 m in length by 2.6 m in height, set up in standard locations throughout the study area.
Collection of Saliva Samples
The mist nets in the study site were open from approximately 0630 CST to 1100 CST six days a week, from 20 August to 31 October 2006, to passively capture individual birds. The nets were checked every 10-15 min to minimize stress and possible mortality. Once an individual was captured, the bird was transported to a central location for processing, where mass, body fat index, molt, age, and sex of each individual were determined. In addition, a saliva sample was taken by inserting a sterile swab into the mouth of the individual; the swab was then placed into a sterile bag where it was later taken to the lab for culturing. After the collection of the saliva sample, the individual bird was released.
Culture and Isolation
The saliva sample from each bird was streaked on Brain Heart Infusion (BHI) agar (Difco Laboratories, Detroit, Michigan) and incubated for 24 h at 37°C to allow for colony growth and formation. The bacterial colonies were examined for the isolated differences in morphology, specifically color, growth types, and other visual variables. Each type of bacterial colony growth was then streaked for isolation on a BHI agar plate to obtain pure colonies. Isolated colonies were restreaked until pure cultures were obtained. The isolates were subsequently Gram stained according to the kit manufacturers' protocols (BBL BectonDickinson Microbiology Systems, Cockeysville, Maryland) to determine cell morphology and grouping, as well as Gram reactions. Gram-positive cocci isolates were assigned a unique number and frozen at -80°C in sterile phosphate buffered saline (PBS) and glycerol media at a ratio of 60 % PBS to 40 % glycerol.
Coagulase Production
Tellurite glycine agar (Difco Laboratories, Detroit, Michigan) was used to screen for coagulase production by the vancomycin-resistant Gram-positive cocci.
Antibiotic Resistance Screening
The Gram-positive isolates were streaked on MuellerHinton agar (Difco Laboratory, Detroit, Michigan) containing 100 lg/ml of vancomycin hydrochloride (Acros Organics, Geel, Belgium). Bacterial isolates that showed colony formation were again Gram stained to confirm the Gram reactions as well as cell morphology and grouping.
Following manufacturer's protocols, minimum inhibitory concentrations (MIC) were determined by vancomycin Etests (AB Biodisk, Solna Sweden) for each antibioticresistant organism. Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 25922 were used as control organisms.
Bacterial Identification
The resulting vancomycin-resistant Gram-positive cocci isolates were submitted to MIDI Labs (Newark, Delaware) for the identification based on sequencing analysis of the first 500 base pairs of the 16S rRNA gene.
Genomic DNA Isolation
Pure cultures of the bacteria were inoculated in 4.0 mL of tryptic soy broth (Difco, Detroit, Michigan, USA) and incubated for 12 h at 37°C. Bacterial genomic DNA was isolated from the overnight cultures by previously described methods [5] . The presence of genomic DNA was confirmed by 1 % agarose gel electrophoresis.
van Gene Detection
The presence of van genes was detected by the polymerase chain reaction (PCR) using the extracted genomic DNA as the template, and specific primers for the vanA, vanB, vanC, and vanD genes as designed by Depardieu et al. [11] . The PCR was performed using the following cycle conditions: 94°C for three min, 40 cycles of 94°C for one min, 54°C for one min, and 72°C for one min, the final elongation step was 72°C for seven min. PCR products were verified via 1 % agarose gel electrophoresis. Bacteria cultures known to carry vanA, vanB, vanC, and vanD genes were used as positive controls for PCR detection. These were Enterococcus faecalis SFV1, Enterococcus faecalis V583, Enterococcus gallinarum ATCC 49579, and Enterococcus faecium N97-0330, respectively.
Biofilm Detection by Crystal Violet Assay
Biofilm presence was detected via the Crystal Violet Assay (CVA) as described by Toledo-Arana et al. [27] . Pure cultures of each organism were inoculated in 4.0 mL of tryptic soy broth (TSB) (Difco, Detroit, Michigan, USA) and grown for 12 h at 37°C. Staphylococcus epidermidis ATCC 35984 and Staphylococcus epidermidis ATCC12228 were used as positive and negative controls, respectively.
Biofilm Detection by Scanning Electron Microscopy
Specimens were prepared for scanning electron microscopy as described by Thurlow and Gillock [26] and examined for the presence of biofilm. Staphylococcus epidermidis ATCC 35984 and Staphylococcus epidermidis ATCC12228 were used as positive and negative biofilm controls, respectively.
Results and Discussion
Throughout the 2006 banding season, a total of 22 saliva samples were collected from 38 netted American Robin, and 8 of these carried vancomycin-resistant Gram-positive cocci. Of the 80 Orange-crowned Warbler netted, three of twenty-two individuals sampled also carried these microorganisms. Two of the ten sampled Swainson's Thrush sampled harbored vancomycin-resistant Gram-positive cocci, as did one Carolina Wren, and one Least Flycatcher of the two individuals of each species sampled. One saliva sample was collected from a Mourning Warbler with that one captured individual also harboring vancomycinresistant Gram-positive cocci ( Table 1) .
The collected saliva samples produced 260 bacterial isolates cultured and isolated for further testing. Sixteen vancomycin-resistant Gram-positive cocci isolates were identified from the partial sequencing of the 16S rRNA gene. Fourteen of the isolates were determined to be Staphylococcus succinus, one was shown to be Staphylococcus saprophyticus and the other was identified as Enterococcus gallinarum (Table 1) . 
isolated, only three were shown to be positive for coagulase production. It is interesting to note that all three coagulasepositive isolates were identified as Staphylococcus succinus and all were sampled from different individual birds (Table 1) . The Etest revealed that many bacterial isolates had extremely high MICs relative to vancomycin with thirteen of the sixteen exhibiting MICs of C256 lg/mL. The majority of the organisms with high vancomycin MICs (eleven out of thirteen) were Staphylococcus succinus; however, the single Staphylococcus saprophyticus and Enterococcus gallinarum isolates also showed MICs of C256 lg/mL (Table 1) .
According to the PCR assay for van genes, four of the fourteen Staphylococcus succinus isolates, as well as the single Staphylococcus saprophyticus sample, carried the vanA gene alone. One of the Staphylococcus succinus isolates was demonstrated to carry the vanA, vanB, and vanC genes. In addition, the single Enterococcus gallinarum was shown to carry vanC alone. The vanD gene was not detected in any of the isolates ( Table 1) .
Three of the fourteen Staphylococcus succinus isolates were shown to have the ability to form biofilms according to the results of both the CVA as well as scanning electron microscopy. Biofilm production was not observed in the negative control strain, Staphylococcus epidermidis ATCC12228, using either of these methods. Conversely, biofilm production was readily seen in the positive control strain, Staphylococcus epidermidis ATCC35984, by both methods; the electron microscopy method produced the most striking results (Fig. 1) . The three Staphylococcus succinus cultures that exhibited biofilm production were isolated from three different birds: an American Robin, Mourning Warbler, and Least Flycatcher (Table 1) .
Most birds migrating through western Kansas and much of North America move seasonally from the northern United States and Canada south to Mexico or Central America for the winter. During this migration, several billion individual birds move across the landscape and may stop multiple times to acquire resources and rest [14] . During the several-hour to several-day intervals when they are relatively stationary, migratory birds can acquire or spread novel bacteria. We did not determine where the vancomycin-resistant genes the birds were carrying originated or how long they had been carrying them.
The bird species detected to carry the antibiotic-resistant bacteria normally occur in large trees, in the understory, in litter, or downed wood on the ground. Owing to their feeding ecology, they often come into contact with soil and various plant surfaces. Any of these sites are possible direct or indirect sources where they could acquire the antibioticresistant bacteria. Alternatively, all species of birds identified to carry the antibiotic-resistant bacteria consume invertebrates; insects could be the mechanism of transport [20] .
American Robin was the most common bird species to carry antibiotic-resistant bacteria, and it was one of the most abundant species on the site. Most of the antibioticresistant bacteria were sampled during only a few days of high capture, where one of more individual robin was captured from a large flock. Because this species is more likely to inhabit urban and suburban areas, it is possible that it would come into contact with environmental sources contaminated by humans. This could include environmental sources harboring bacteria resistant to antibiotics that have been used only in humans. American Robins in this study carried several bacterial species which have been isolated from a variety of sources [16, 19, 22] .
Few published studies identify bacteria from saliva samples of birds, in contrast to surveys of normal gut flora and fecal sampling. Both Gram-positive and Gram-negative species of bacteria have been isolated from cloacal samples of birds [7] . Staphylococcus and Streptococcus species have been identified from pharyngeal swabs of birds in Croatia [23] . Thus, it is not known if the identified antibiotic-resistant isolates are normal flora, opportunistic pathogens, or pathogenic strains.
The vancomycin-resistant Gram-positive cocci were isolated from birds throughout the banding season. Most bacteria were isolated during the month of September, the month when the majority of the migrating birds were passing through the banding site. Capture dates of individuals carrying the antibiotic-resistant bacteria ranged from 20 August, the first date of bird banding to 12 October 2006, 1 week before we ceased netting efforts.
The most prevalent of the vancomycin-resistant Grampositive cocci identified in this study were Staphylococcus succinus. This microorganism is normally associated with foods, or plays a major role in the food processing industry, and is not usually considered a pathogen [24] . However, opportunistic coagulase-negative staphylococci (CNS) can cause severe infections since several are relatively multidrug resistant. Resch et al. [24] chose 21 antibiotics for the assessment of resistance in the CNS organisms Staphylococcus succinus and Staphylococcus xylosus. They reported that 90 % of the assayed strains of these organisms exhibited resistance to the chosen antibiotics. Furthermore, some of the Staphylococcus succinus strains were resistant to up to four different antibiotics. It is interesting to note, however, none of their Staphylococcus succinus strains were resistant to vancomycin [24] . The MIC against vancomycin of most of the Staphylococcus succinus strains from this study was C256 lg/mL, indicative of extreme vancomycin resistance since vancomycin-resistant microorganisms are characterized as those in which the MIC is C32 lg/mL [30] .
One vancomycin-resistant organism from this study was Staphylococcus saprophyticus, another CNS, which is usually considered normal microbial flora, but can also cause infections in humans. It causes acute urinary tract infections [15] and can be an agent of nosocomial and bloodstream infections [31] . Staphylococcus saprophyticus accounts for up to 42 % of all urinary tract infections in young women [29] . Several studies have reported that some Staphylococcus saprophyticus strains are vancomycin resistant [1] . To our knowledge, however, this is the first report of a Staphylococcus saprophyticus strain which carries the vanA gene and has a vancomycin MIC of C256 lg/mL.
The third vancomycin-resistant Gram-positive coccus isolated in this study was Enterococcus gallinarum, which is also not typically considered a major human pathogen. However, there is a report of vancomycin-resistant Enterococcus gallinarum causing a nosocomial outbreak in 2004 in a Colombian-teaching hospital. In this case, the main clinical syndromes were bloodstream infections and surgical site infections. In these organisms, the virulence genes normally associated with either Enterococcus faecalis or Enterococcus faecium were not detected [9] . Another study suggested that Enterococcus gallinarum might be the original source of the vanC gene [13] . The Enterococcus gallinarum isolate from our study may harbor other means of resisting vancomycin besides the vanC gene, given the MIC is C256 lg/mL, a much higher value than the MIC of 2-32 lg/mL normally conferred by this gene [8] . To the best of our knowledge, this is the first report of any van genes being found in a staphylococcal species other than Staphylococcus aureus, as well as the first report of the vanB gene in a bacterial genus other than Enterococcus.
Three of the isolated vancomycin-resistant Gram-positive cocci exhibited the ability to form biofilms. Biofilm formation is usually considered a virulence factor in pathogens especially in infections related to the implanted medical devices (IMDs) [18] . Biofilms adhere to abiotic objects such as IMDs and allow bacteria to flourish, while avoiding the host immune system and antibiotic therapy. In some instances, biofilm-encased bacteria are dislodged into the circulatory system, leading to bacteremia. In the case of Staphylococcus epidermidis, antibiotics may kill planktonic bacteria shed from the biofilm surface, but they fail to eradicate bacteria embedded within the biofilm, which can then act subsequently as a reservoir for recurrent infection. Following antibiotic treatment, a minority of drug-resistant bacteria survive that repopulate the biofilm with the survivors becoming much more antibiotic resistant [18] .
A major concern raised from this study is the isolation of extremely antibiotic-resistant organisms from highly mobile wild songbirds. The majority of birds which carried the highly vancomycin-resistant bacteria from this study were the American Robins, which are migratory and cover the entire United States, Mexico, and Canada [2] . Since many American Robins appear to carry Staphylococcus succinus, it is conceivable that the bacterium is a normal flora microorganism of American Robin. If this is the case, the American Robin could act as a vector animal to spread vancomycin-resistance genes over a wide range. Birds acting as vector animals for pathogens are not unusual, as there are numerous examples of organisms such as bacteria, viruses, fungi, and parasites being spread over wide distances by birds [28] . Vancomycin-resistant Enterococcus species have been isolated from the newly hatched Northern Bobwhite chicks raised in captivity and fed commercial game bird feed that contained no antibiotics [22] . In addition to the concern that birds could spread antibiotic-resistant bacteria to humans, a clear link has been demonstrated in which humans have spread antibiotic-resistant bacteria into bird populations [6] . Other reports indicate that antibiotic-resistant bacteria can be isolated from birds in remote locations such as Easter Island [4] and the Beringia region of Alaska, which have low to non-existent human populations [12] .
Since bacteria freely engage in horizontal gene transfer, it is possible that the relatively innocuous highly vancomycin-resistant isolates from this study could transfer resistance genes to other more virulent microorganisms such as MRSA. According to Resch et al. [24] , CNS strains could have a high incidence of transfer of antibioticresistance genes to other staphylococci because of phylogenetic relationship.
Additional research is needed to verify whether freeliving wild song birds are really vector animals for vancomycin-resistance genes, or whether vancomycin-resistant Staphylococcus succinus should be considered normal flora in the American Robin. Further research is required to identify and understand the mechanisms of vancomycin resistance used by bacteria in the absence of van genes, biofilm formation, or cell wall thickening. It would also be of interest to determine whether the VanA and VanB resistance types found in our isolates could be transferred to Staphylococcus aureus, or other potential pathogens, under laboratory conditions.
